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()nepotentbd5echanismfortheeventoalfailareofthehypertro- 
phied ventricle tompintabr compensation may Iuvolve impaired 
~nsme.RedacedcoroaaryreserveisoneofthehaU- 
mark?#ofveIltrWarhyp&N@y.Althoughtbisreducedeoro- 
MrylWervemaynotaffectbaselillekftventricularflmct&i~ 
couIdbeofgreaterbnpertanceduringpcriedsofstress,~~~ 
occur hrhtg exercise, where increased meMolic demands in= 
ducedbythestrcssmaynotbefaUymetby~~~ 
eOnrnarybbMdikW.ThehUpahEdSnbendoeordipl~ 
reserveiscausednotonlybythehypertropbybatpisobythe 
he- changes (for exanq&, the teft ventricular subendo- 
cardialIvallstres!4thatWeasesnlalWlyonexerdse).Inthe 
sew&y hype~~hied heart, there are hapah-ed subendoawdial 
One potential mechanism for the eventual failure of the 
compensated hypertrophied v ntricle may involve impaired 
coronary eserve. Reduced coronary eserve is one of the 
hallmarks of ventricular hypertrophy. Although t is reduced 
coronary reserve may not affect baseline l fi ventricular 
function, it could be of greater importance during periods of 
stress, uch as occur during exercise where increased met- 
abolic demands induced by the exercise may not be fully met 
by an increase incoronary blood flow. These liitations 
might be most apparent subendocardially because the in- 
creased subendocardial walstress that occurs with severe 
hypertrophy may be an important mechanism in limiting 
subendocardial coronary eserve. 
The goal of this review is to summarize th studies f’rom 
our laboratory (l-5) in a cani1.e model of severe l ft ventric- 
ular hypertrophy t at spontaneously progresses to left ven- 
tricular faiiure. Results from three groups of dogs (control, 
left ventricular hypertrophy and left ventricular hypertrophy 
and failure) are compared. The model of severe l ft ventric- 
ular hypertrophy is created by banding the ascending aorta 
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wali function and reduced sube&cardial coronary perMoo in 
response to exercise. It is hypothesixed that ulese pisodes occur 
frequently under normal activity (for example, in response to
ex rcise, excitement, eating) and that hey become s vere en011gh 
to induce myocyte n crosis and replacement fibrosis. This in turn 
will hnpair left ventricalar systolic hction. Furthermore, myo- 
cardii ischemia and left vent&&r fibrosis as well as the altered 
loading conditions result in imprrlred dii!olic Rmction, which in 
tam diihes systolic function. AU of these mecba&ms work- 
ing~~aet~~er~~~~cf~~~~a~~a~ 
the prog1~~10n of compensaW left ventricuku bypMrophy to 
faibUW. 
(J Am Coll C&l 1993;22&pkment A]:34A4A) 
of puppies at age 8to 10 weeks, o that 1 to 2 years later, 
severe l ft ventricular hypertrophy develops in response to 
the increased pressure gradient across the aortic band. In a 
subset of these dogs with severe l ft ventricular hypertro- 
phy, the condition progresses pontaneously to eft ventric- 
ular failure. 
Hemodyuamics in left ventricular hypertrophy alone and 
hypertrophy with failure (Fig. 1). Some of the hemodynam- 
its for the three groups are summarized in Figure 1. There is 
near doubling ofleft ventricular systolic pressure in both the 
@up with lett ventricular hypertrophy and that with hyper- 
trophy and failure. There is also a similar extent of left 
ventricular hypertrophy in the two groups, as reflected by 
increases in the lefi ventricle/body weight ratio. Hemody- 
namically, however, there are marked iierences between 
the groups (that is, the dogs with left ventricular f ilure have 
substantially increased l ft ventricular end-diastolic pressure 
and an increased heart rate, which are not observed in dogs 
with compensated letI ventricular hypertrophy). 
Coronary eserve in left ventricular hypertrophg alone and 
hypertrophy with failure (Fig. 2). Reduced coronary eserve 
is an important feature ofright (6,7) and left (8-18) ventric- 
ular hypertrophy in experimental models as in humans 
(19-21). One method f demonstrating reduced coronary 
reserve is to elicit near maximal coronary vasodilation, such 
as occurs with adenosine administration. Figure 2 shows 
responses to adenosine in terms of regional myocardial 
blood flow responses across the wall from endocardial to 
epicardii layers. In the dogs with severe l ft ventricular 
hypertrophy without failure, asubendocardial coronary e- 
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Fcgare 1. Comparison f left ventricular (LY) hemodynamics and 
left ventricle/body weight (lY/BODY WI’) ratio in sham-operated 
control dogs CC), dogs with severe compensated l fi ventricular 
hypertrophy (LYH bars) and dogs with severe left ventricular 
hypertrophy and superimposed l ftventricular failure (LYF). In the 
compensated l ft ventricular hypertrophy model, left ventricular 
pressures (LYP, upper left) are increased similarly inleft ventricular 
hypertrophy and left ventricular failure (LYF). However, only dogs 
with left ventricular failure showed significantly different increases 
in heart rate (HR, lower left) and lefi ventricular end-diastolic 
pressure (LY EDP, upper ight). The amount of hypertrophy was 
similar in both groups, as reflected by increases in left ventricle/ 
body weight ratio (lower right). *p < 0.05 versus control. B = beats. 
serve is modestly reduced without significant impairment of 
subepicardial coronary reserve. In contrast, in the group 
with combined left ventricular hypertrophy and failure, 
subendocardial coronary reserve is nearly exhausted. 
Clearly, the subendocardial h lf of the ventricle could not 
dilate in respomie to this potent vasodilator stimulus. One 
can only speculate hat during periods of stress (for example, 
exercise or excitement), the subendocardial half of the 
ventricle could not provide sticient nutrient flow, estab- 
lishing an imbalance between the oxygen demands and 
supply of that part of the wall which would then lead to 
subendocardii f brosis. 
Collagen i  I& ventricular hyp&rophy alone and hyper- 
tropl~y with faihm (Fig. 3). Studies in collaboration with 
Bishop demonstrated an increased amount of collagen (1). 
The hearts of the different groups of dogs: 1) sham-operated 
Figure 2. The reduction i  subendocardial re- 
serve as reflected by diminished responsas of
endocardial blood flow to near maximal vasodi- 
lation with adeaosine. There is modest impair- 
ment of the subendocardial flow response to 
adenosine in dogs with left ventricular hyper- 
trophy (LYH). However, there was near ex- 
haustion of subendocardial reserve in the dogs 
with left ventricular failure (LYFI. Reprinted 
from Yatner, Shannon, Hittinger (3), with per- 
mission of the American Heart Association. 
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Rigure 3. The quantitative olume percent (Yol %) of connective 
tissue seen in endocardial (ENDO), midmyocardii (MID; and 
subepicardial (EPI) layers in sham-operated control dogs (open 
bars), dogs with severe left ventricular (LY) hypertrophy (cross- 
hatched bars) and dogs with superimposed l ftventricular hypertro- 
phy and failure (hatched bars). Increased fibrosis was observed in
the dogs with superimposed l ftventricular Failure. This was pri- 
marily observed inthe subendocardial layers. Reprinted from Hit- 
tinger et al. (I), with permission fthe American Heart Association. 
control, 2) with left ventricular hypertrophy, and 3) with lefi 
ventricular hypertrophy and failure were fixed in formalin 
and examined quantitatively for the amount of collagen 
present. Figure 3 shows the results from those studies. There 
were minor increases (p = NS) in collagen in the hearts of 
dogs with severe hypertrophy. In contrast, marked increases 
in collagen were observed inthe dogs with hypertrophy and 
failure, particularly insubendocardiai iayers; an observation 
that fits very well with the hypothesis that there is a reduced 
subendocardial coronary supply leading to episodes of sub- 
endocardial ischemia sufficiently severe to induce myocyte 
necrosis and reparative fibrosis. The data in Fire 3 should 
be analyzed incombination with the data presented in Figure 
1. Note tr :at there is no difference between the amount of 
hypertrophy in the group with compensated l ft ventricular 
hypertrophy and that in the group with superimposed MI 
ventricular failure, but there are marked differences in 
hemodynamics and the amount of both reduced subendocar- 
dial flow reserve Wii. 2) and subendocardial f brosis (Fig. 3). 
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Measurement of respwx to stress iu subendocardium 
versus subepieprdium in severe, compensated left vedricuhr 
hypertrophy (Fig. 4 to 7). With these diierences in mind, we 
further hypothesized that the response to stress (that is, 
exercise) in subendocardii layers might be very ditferent 
from that in subepicardii layers in the dogs with compen- 
sated severe left ventricuhu ypertrophy. To examine this 
question directly, new techniques were developed to study 
the response to exercise across the myocardial wall in 
normal dogs and dogs with left ventricular hypertrophy (Fig. 
4). Pairs of ultrasonic crystals were implanted in subendo- 
cardial and subepicardial l yers of the ventricle to comple- 
ment he normal instrumentation used to study left ventric- 
ular global and regional function in conscious dogs with 
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Pigure 4. The instrumentation used to mea- 
sure regional myocardial function across the 
wall in normal dogs and dogs with severe l ft 
ventricular (LV) hypertrophy at rest and 
during exercise. Inaddition to measurements 
of arterial nd left atrial pressure by cathe- 
ters, left ventricular internal diameter, full 
wall thickness and subendocardial (Endo) 
and subepicardial (Epi) wall thickness were 
measured by using implanted ultrasonic 
gauges. Left ventricular p essure and the first 
derivative of lefi ventricular p essure (dP/dt) 
were recorded from the implanted l ft ven- 
tricular micromanometer. In addition, a cath- 
eter was implanted in the left ventricle to
calibrate the micromanometer. LA = left 
atrial. Reprinted from Hittinger et al. (2), 
with permission of the American Heart As- 
sociation. 
long-term implanted instruments. Using these techniques, it 
was then possible to record instantaneous and continuous 
measurements of subendocardial and subepicardial wall 
thickening, as well as full wall thickening, left ventricular 
diameter, pressure and the first derivative of lefi ventricular 
pressure (dP/dt). This procedure allowed us to record base- 
line measurements a  rest and graded response during exer- 
cise, as well as recovery after exercise. 
We then examined the responses to graded treadmill 
exercise using three different levels of exercise (light, me- 
dium and heavy) and also monitored the recovery from 
exercise for 1 h. During graded exercise in normal dogs, 
there was a gradual increase in subendocardial and subepi- 
cardii wall thickening together with the expected changes in
End0 Wall 
ThlClttWU, 
mm 
Figure 5. The initial IO-beat response toexercise in
dogs with severe l ft ventricular (LV) hypertrophy 
of measurements of left ventricular p essure, first 
derivative of left ventricular p essure (dP/dt) and 
subendocardial (Endo) and subepicardii (Rpi) wall 
thickness. Note that he subendocardial yslimction 
(that is, decreased subendocardial w ll thickening) 
occurred within the first few beats of exercise. 
Reprinted from Hittinger et al. (5), with permission 
of the American Heart Association. 
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F@~re 6. Changes in full wall thickening (top), subepicardial wall 
thickening (middle) and subendocardial w ll thickening (bottom) in
both sham-operated control dogs (open circles, alid line) and a group 
of dogs with severe left ventricular hypertrophy (LVH, dosed 
eireles, olid line). There are no sign&ant dierences in responses 
of subepicardial wall thickening, which increased both in normal 
dogs and in dogs with hypertrophy during exercise and returned to 
baseline (Base) value on recovery. In contrast, the subendocardial 
wall thickening, which increased innormal dogs, decreased @niti- 
cantly in dogs with severe hypertrophy and remained depressed 
during the recovery period. The reduced subendocardia! w ll thick- 
ening that occurred in dogs with hypertrophy in the absence of 
blockade was no longer observed in the presence of beta-adrenergic 
receptor blockade (BB, triangles, broken line). Reprinted from 
Hittinger et al. (2) and data contained inHittinger et al. (51, with 
permission of the American Heart Association. 
global left ventricular dynamics. Increases insubendocardial 
wall thickening exceeded those for subepicardial w ll thick- 
ening. IO contrast, in the dogs with severe hypertrophy, 
there was almost an immediate impairment of subendocar- 
dial wall thickening (Fig. 5). Within the first 10 heats, there 
was a significant decrease in subendocardial w l thickening 
that intensified and progressed through the remainder of the 
exercise protocol. The subendocardial dysfunction persisted 
BASELiNE PEAK EARLY LATE . 
i%iRC1SE REC RX 
Fii 7. Subendocarditisubepicardial (ENDOlEPI) blood flow 
ratios in sham-operated control dogs (open bars) and dogs with 
severe lefl ventricular hypertrophy (LVH, closed bars) at baseline, 
during peak exercise and early and late in the recovery period 
(REC.). The subeodocardial/subepicardial blood flow ratio was only 
abnormal during peak exercise and was not abnormal during the 
recovery period at a time when subendocardial function remained 
depressed. Reprinted frcm Hittinger et al. (21, with permission f the 
American Heart Association. 
into the recovery from exercise (Fig. 6) when other hemo- 
dynamic variab!es returned to c ntrol levels. 
TO assess whether these changes were due to changes in
blood flow, radioactive microspheres were administered in 
the control study, during exercise when subendocardial 
dysfunction was observed and during the recovery period at 
a time when subendocardial dysfunction persisted. Results 
from those experiments are shown in Fire 7. At baseline, 
the endocardiiepicardial blood flow ratio, an index of 
adequacy ofperfusion ofthe subendocardium, was normal in 
the dogs with severe hypertrophy, as reported by other 
investigators (I-5,8-18). With the stress of exercise, there 
was marked impairment of subendocardial flow reserve and 
a sign&ant reduction i  endocardialIepicardia1 blood flow 
ratio. However, these variables rapidly returned to normal 
on recovery from exercise such that the subendocardial 
dysfunction during exercise may in part have been mediated 
by impaired subendocardial blood flow and the development 
of subendocardial ischemia. This mechanism could not be 
invoked on recovery from exercise. Rather, the recovery 
from exercise was similar to the response to recovery from a 
brief ischemic episode (that is, “myocardial stunning”) 
(22,23). This is the fhst example of myocardial stunning 
occurring in the absence of any coronary constriction or 
occlusion; that is, there is no primary impairment ofcoro- 
nary vascular function in the animals with left ventricular 
hypertrophy . 
Effect of beta-adrenergic blockade (Fig. 8 to 10). The 
results of these experinrets suggested that subendocardia! 
ischemia developed during exercise, which in turn induced 
the impaired subendocardii dysfunction. If this were the 
case, then minimizing the metabolic demands that occur 
during exercise might alleviate this imbalance b tween oxY_ 
gen supply and demand and improve the response ofs&en- 
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FIgwe 8. Measurements of global eft ventricular (LV] 
function (that is, the 6rst derivative of left ventricular 
pressure [dP/dt, upper Ieftl heart rate [upper IghtI, left 
ventricular diastolic stress Power left] and left ventricular 
systolic stress lbwer right]) in dogs with severe left 
ventricular hypertrophy without (NO BLOCK, open clr- 
cles) and with (/3 BLOCK, ckd cl&s) beta-adrenergic 
blockade in response to three levels of exercise (light, 
medium [Med], heavy) and during recovery (Kec). Signif- 
icantly smaller increases in left ventricular dP/dt and heart 
rate and diastolic and systolic stress occurred with exer- 
cise in dogs with ypertrophy in the presence of beta 
blockade. Kept-hued from Hittinger et al. (S), with permis- 
sion of the American Heart Association. 
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docardial wall motion. To test this hypothesis, a further 
series of experiments was conducted, inwhich the responses 
to exercise were compared in the presence and absence of 
acute beta-adrenergic re eptor blockade with propranolol. 
The working hypothesis was that beta-adrenergic re eptor 
blockade would limit the increases inheart rate, left ventric- 
ular dP/dt and left ventricular systolic and diastolic wall 
stresses that occur during exercise and therefore r duce the 
requirements for oxygen supply and coronary blood flow. 
Indeed, this is what was observed. 
L$l! ventricular funcrion. Fiiure 8 compares the re- 
sponses of left ventricular function to exercise in dogs with 
left ventricular hypertrophy in the presence and absence of 
beta-adrenergic re eptor blockade (1 mg/kg of propranolol). 
Plgure 9. Subendocardiakubepicardial @lDO/EPI) blood flow 
ratio in dogs with left ventricular hypertrophy in the absence of(left) 
and the presence of (right) beta-c blockade. At baseline, 
measurements before exercise are shown by open bars and re- 
sponses during peak exercise are shown by eked bars. The cross- 
hatched htu in ths lef4 pauel is a measurement of blood flow 
distribution during the initial response tolow level exercise. Abbre- 
viations as in Fire 8. Repriuted from Hittiager et al. (S), with 
permission f the American Heart Association. 
LOW LEVEL EXERCISE 
PEAK EXERCISE 
T 
NO BLOCK @ BLOCK 
Significantly smaller increases in left ventricular myocardial 
oxygen demand as reflected by left ventricular dP/dt, heart 
rate and systolic and diastolic wall stresses, were observed 
during exercise in the dogs with left ventricular hypertrophy 
in the presence of beta-adrenergic blockade. 
Responses of regional myocardial bloodjlow. These are 
shown in Figure 9. In the presence of beta-adrenergic 
receptor blockade, no longer did the endocardiapepicardial 
blood flow ratio decrease significantly. Thus, it appears that 
there was adequate subendocardii perfusion to meet he 
demands that occurred uring exercise in the presence of 
beta-blockade. 
Phasic responses of regional myocardial function across 
the wall (Fig. 10). These data are consistent with the re- 
sponses of blood flow; that is, when the dogs with left 
ventricular hypertrophy were pretreated with a beta- 
adrenergic receptor blocking agent here was no longer a 
reduction i  subendocardial wall thickening during exercise 
(Fig. 6). Thus, the regional subendocardial impairment of
function in response to exercise was ameliorated by eta- 
blockade, which limited the increases in metabolic demands 
that occur during exercise and prevented the decrease in 
subendocardii perfusion. 
Late versus early subendoepnlial dysgtnctlen. Keeping in 
mind that the subendocardii dysfunction occurred very 
early during exercise (that is, within the 6rst 10 beats) (Fii. 
5), it was considered important also to examine transmural 
blood flow early in the response to exercise in dogs with left 
ventricular hypertrophy todetermine whether the impaired 
subendocardial perfusion occurred as an initial or a later 
event. To address this question, radioactive microspheres 
were also iqjected at low level exercise in the dogs with 
severe left ventriculat hypertropby. The results from those 
experiments are shown in Fiiure 9 for blood flow and in 
Fiis 5 and 6 for regional function. As noted in Fiis 5 
and 6, subendocardial dysfunction occurred early during 
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exercise and was cleariy present at low level exercise, at this 
time there was no subendocardial hypoperfusion, as re- 
flected by a normal endocardial/epicardial blood flow ratio 
(Fii. 9). Thus, it is likely that the later episodes of subendo- 
cardial dysfunction that occurred uring more severe xer- 
cise and the subendocardial dysfunction that persisted into 
recovery (that is, the myocardial stunning) were due to 
impaired subendocardial perfusion and the resultant myocar- 
dial ischemia that developed. Conversely, there must be 
another mechanism that contributes tothe subendocardial 
dysfunction that precedes the derangement i  subendocar- 
dial perfusion and is not observed in the presence of beta- 
Figure 11. Schematic illustration of the essential role of decreased 
coronary reserve in mediating decompensation  failure from the 
hypertrophy and decreasing coronary reserve through hemody- 
namic mechanisms. Hyperttphy in turn enhances the reduction i
coronary reserve. With repeated stress uch as exercise, systolic 
function decreases, developing into left ventricular (LV) failure. In 
part, this is mediited by development of subendocardial ischemia, 
which reduces systolic function. Repeated episodes of stress and 
subendocardial ischemia lead to subendocardial fibrosis, which also 
impairs ystolic function. Both the subendocardial ischemia nd 
fibrosis alter left ventricular diastolic function, thereby also impair- 
ing systolic function. All of these mechanisms are linked by initial 
derangements i  coronary reserve, which play a pivotal role in 
mediating decompensation o lefi ventricular failure. 
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Figure lg. Responses of regional function to exercise ina dog with 
left ventricular (LV) hypertrophy in the absence (I&t pa&s) and 
presence (right panels) ofbeta-adrenergic blockade. Inthe absence 
of beta-blockade, exercise reduced subendocawhal (Endo) wall 
thickening (that is, subendocardial ysfunction was observed inthe 
absence ofbeta-blockade). R duction i subenducardiai w ll thiclc- 
ening was not observed during exercise in the presence of beta- 
blockade. Abbreviations a in Figure 4 and 8. Reprinted from 
Hittinger et al. (5). with permission f the American Heart Associ- 
ation. 
adrenergic receptor blockade. This mechanism ay be lo- 
cated at any point in the beta-adrenergtc, signaling process 
from beta-receptor activation to calcium mobilization to 
contraction. This mechanism is important in the initial 
adjustments to exercise in the severely hypertrophied heart 
and may also be an important mechanism in decompensation 
from hypertrophy to heart faihrre. 
Role of impaired subendocardial coronary reserve inpm 
gl%ssion from left venftieular hypmtro@y tofailure @ii. Ii). 
Figure 11 summarizes some of these concepts and the 
potential mechanisms by which impaired subeadocardii 
coronary reserve may play a pivotal role in mediiting the 
process from compensated left ventricular hypertrophy to 
left ventricular heart failure. The impaired subendocardial 
coronary reserve is caused not nly by the hypertrophy but 
also by the hemodynamic changes (for example, the left 
ventricular subendocardial wall stress that increases mark- 
edly on exercise) (Fig. 8). As shown by the experiments 
during exercise, subendocardial wail function is impaired 
and subendocardii coronary perfusion is reduced in re- 
sponse to this stimulus, It is hypothesized that these epi- 
sodes occur frequently in response to normal activity (for 
example, xercise, xcitement, eating) and that they become 
severe nough to induce myocyte necrosis and replacement 
fibrosis. This, in turn, will impair left ventricular systolic 
4QA VATNER AND HITlINGER JACC Vol. 22, No. 4 (Supplement A)
CORONARY CIRCULATION IN HYPERTROPHY AND FAILURE October 1993:34A_4OA 
function. Furthermore, not only myocardial ischemia nd 
left ventricular fibrosis but also the altered loading condi- 
tions (24), result in impaired iastolic function which, in 
turn, will diminish systolic function. AU of these mecha- 
nisms working in concert act to further impair systolic 
Cmction and to accelerate he progression from compen- 
sated left ventricular hypertrophy tofailwe. 
References 
1. Hittinga L, Shannon R, Sishop SP, Gelpi R, Vatner SF. Subendomyo 
cat&l exhaustion f blood Sow reserve and increased fibrosis in con- 
scious dogs with heart failure. Circ Res lQ89;aS:Q71-88. 
2. HIttlnger L, Shannon RP, Kohin S, Manders WT. Kelly P, Vatner SF. 
Exercise Induced su’be&catU dysfunction in dogs with left ventticular 
hypertmphy. Circ Res 199o;fi:329-43. 
3. Vatner SF, Shannon R, Hittinger L. Reduced subendocardii coronary 
reserve, a potential mechanism for impaired iastolic function in the 
hypertrophii and failktg heart. Circulatioa 1990;81(suppl III):III-8-14. 
4. HIttinger L, Shannun RP, Kohin S, et al. Isoproterenol-induced alt r- 
ations in myocardii blood Sow, systolic and diastolic function in con- 
scious dogs with heart failure. Ciiulation lQ8980:658-68. 
5. Hittinger L. Shen Y-T, Pattick TA, et al. Mechanisms of ubendocardii 
dysfunction i  response toexercise indogs with severe l ft ventricuktr 
hvpertrophv. Cl Res lQQ2;71:423-34. 
6. Murray PAi Vatner SF. Abnormal comnary vascular response to exercise 
in dons with severe tiabt ventricular hvoertronhv. J ClIn Invest 1981:67: 
1314123. 
-* .- 
7. Murray PA, Vatner SF. Reduction of maximal comnary vasodilator 
capacity inconscious dogs with severe right ventricular hypertrophy. Circ 
Res 1981;48:25-33. 
8. IioItz J, ReMiF WV, Bard P, Bassenge E. Dansmural distribution of
myocardi~ blood flow and of coronary reserve in canine l ft ventricular 
hypertmphy. Basil Res Cardioll977:72:286-92. 
9. Marcus ML, Mueller TM, Eastham CH. Etfects of shorl- and long-term 
left ventricular hypertrophy on coronary circulation. Am J Physiol 
lQ81$?41:H358-62. 
IO. OKeefe DD, Hoffman JIE, Cheitlin R, O’Neill MJ. Allard JR, Shapkin E. 
Coronary blued ffow in experimental c nine left ventricular hypertrophy. 
Cii Res 1978;43:43-51. 
II. Rembert JC, Kleinman LH, Fedor JM. Wechsler AS. Greenfiekl JC Jr. 
Myucardii blood flow in concentric let? ventricular hypertrophy. J Clin 
Invest lQ78$2:379-86. 
12. Parrish DG, Ring WS, Bathe RI. Myocardii perfusion i compensated 
and failing hypertrophied l lt ventricle. Am J Pbysiol 19RP;249:H534-9. 
13. Vmbel TR. Ring WS, Anderson RW, Emery RW, B,?che RJ. Effect of 
heart rate on myocaubal blood flow in dogs witb left ventricular hyper- 
trophy. Am J Physiol 1980,239:H621-7. 
14. Bathe RI. Vrobel TR, Are&en CE, Ring WS. Effect of maximal 
coronary vasodilation transmural myocardial perfusion during tachy- 
cardia in dogs with left ventricular hypertmphy. Circ Res 1981;49:742-50. 
IS. Bathe RJ, Alyono D. Sublett E. Dai XZ. Myocardial b ood flow in lefl 
ventricular hypertrophy developing in young and adult dogs. Am J 
Physiol lQ86t25l:H949-56. 
16. Alyooo 3, Anderson RW, Parrish DG, Dai XZ, Bathe RI. Alterations of
myocardial blood flow associated with experimental c nine left ventricu- 
lar hypertrophy secondary to valvular aortic stenosis. Circ Res 198658: 
47-57. 
17. Bathe RJ. Dai X, Alyono D, Vmbel TR. Homans DC. Myocardii blood 
Sow during exercise indogs with IetI ventricular hypertrophy produced 
by nortic banding and perinephritic hypertension. Circulation 1987;76: 
835-42. 
18. Bathe RJ, Arentxen CE. Simon AB. Vrobel TR. Abnormalities in 
myocardial perlbsion during tachycardia in dogs with left ventricular 
hypertrophy: metabolic evidence for myucardial ischemia. Circulation 
1984$9:4oQ-17. 
19. Marcus ML, Doty DB, Hitatzks LF, Wright CB. Eastham CL. Decreased 
comnary reserve: a mechanism forangina pectoris npatients with aortic 
stenosis and normal coronary artery. N Engl J Med 1=,307:1362-7. 
20. Duty DB. Eastham CL, Hiratzka LF, Wright CB, Marcus ML. Determi- 
nation of coronary reserve inpatients with supravalvuiar aortic stenosis. 
Circulation 1982;66(suppl1):1-186-92. 
21. Cannon RO III, Rosing DR, Maron BJ, et al. Myocardial ischemia n
patients with hypertrophic cardiomyopathy: contribution f inadequate 
vasodilator teserve and elevated IeR ventricular tilling pressures. Circu- 
lation 1985;71:234-43. 
22. Heyndrickx GR, Millard RW. McRitchie RJ, Maroko PR, Vatner SF. 
Regional myocardial functional nd electmphysiological alterations after 
brief coronary artery occlusiun i conscious dogs. J Clin Invest 197S;56: 
978-85. 
23. Braunwald E. Kloner RA. The stunned myocmdium: prolonged. postisch- 
emit ventricular dysfunction. Circulation 1982;ti I M-9. 
24. Komamura K, Shannon RP. Pasipoulatides A, et al. Altemtiors in left 
ventricular diastolic function in cons&s dogs with pacing-induced h art 
failure. J Clin Invest lQQ2;89:1825-38. 
